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PMINI-FOCUS ISSUE: THE FONTAN PROCEDURE
A Cross-Sectional Study of
Exercise Performance During the First
2 Decades of Life After the Fontan Operation
Stephen M. Paridon, MD,* Paul D. Mitchell, MS,† Steven D. Colan, MD,** Richard V. Williams, MD,‡
Andrew Blaufox, MD,§ Jennifer S. Li, MD, Renee Margossian, MD,** Seema Mital, MD,¶
Jennifer Russell, MD,# Jonathan Rhodes, MD,** for the Pediatric Heart Network Investigators
Philadelphia, Pennsylvania; Watertown and Boston, Massachusetts; Salt Lake City, Utah;
Charleston, South Carolina; Durham, North Carolina; New York, New York; and Toronto, Ontario, Canada
Objectives The aim of this study was to describe exercise performance during the first 2 decades of life in Fontan survivors
by a cross-sectional study and to identify factors that influence exercise performance.
Background Exercise performance after the Fontan procedure is reduced relative to performance in healthy subjects. Data on
pre-adolescents are limited, and the patterns of exercise performance in different ages are unexplored.
Methods Ramp cycle ergometry was performed with expired gas. Data were analyzed for the entire study population and
for subpopulations that did and did not achieve a maximal aerobic capacity.
Results Of 411 subjects tested (12.4  3.2 years of age), 166 achieved a maximal aerobic capacity. Peak oxygen
consumption (VO2) was 26.3 ml/kg/min (65% of predicted for age and gender [% predicted]) for the entire
population and was lower in the submaximal capacity subgroup compared with the maximal capacity sub-
group (63% predicted and 67% predicted, respectively; p  0.02). Oxygen consumption at ventilatory anaer-
obic threshold (VAT) was better preserved (78% predicted for the total population) than peak VO2. Higher %
predicted O2 pulse at peak exercise was associated with greater % predicted peak VO2, work rate, and VAT.
Adolescence and male gender were associated with decreased % predicted peak VO2. The relationship be-
tween echocardiographic indexes of ventricular function and exercise function was surprisingly weak.
Conclusions In Fontan patients, maximal aerobic capacity is reduced compared with healthy subjects, with better preserva-
tion of submaximal performance. Higher O2 pulse is associated with better exercise performance, whereas ado-
lescence and male gender are associated with decreased performance compared with healthy subjects. (J Am
Coll Cardiol 2008;52:99–107) © 2008 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2008.02.081t
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the Fontan procedure has become the most widely used
alliation for single ventricle physiology (1). As patients
ndergo the Fontan procedure at younger ages, it becomes
ncreasingly important to define functional status and long-
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ional Heart, Lung, and Blood Institute, National Institutes of Health/Department of
ealth and Human Services.e
Manuscript received September 25, 2007; revised manuscript received February 4,
008, accepted February 12, 2008.erm outcome and to investigate factors that may influence
utcome.
See page 114
The Pediatric Heart Network, consisting of 7 centers
n the U.S. and Canada and a Data Coordinating Center
t the New England Research Institutes, is funded by the
ational Heart, Lung, and Blood Institute of the Na-
ional Institutes of Health to develop evidence-based
ecommendations for children with heart disease. In
lanning for interventional studies of the Fontan popu-
ation, the network was confronted with a lack of
ormative data on the functional and clinical status of
his population. Therefore, a cross-sectional study to
valuate functional and clinical status in Fontan survivors
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Exercise Performance After the Fontan Operation July 8, 2008:99–107was undertaken. As part of this
study, cardiopulmonary exercise
testing was performed to assess
exercise performance, an im-
portant component of a child’s
quality of life and functional
status (2).
Previous studies in patients
with the Fontan procedure report
poor exercise performance, de-
creased peak oxygen consump-
tion (VO2), and decreased VO2
at ventilatory anaerobic threshold
(VAT) (2–10). Although likely
multi-factorial, the impaired ex-
ercise performance of this popu-
lation is in part explained by an
inability to increase or maintain
stroke volume during exercise
(11). Previous findings are lim-
ited by small numbers of patients
and single-center retrospective
esigns. Most past studies were performed in post-pubertal
ubjects. There are limited data regarding younger subjects
nd changing patterns of exercise performance during
dolescence (7).
The purposes of this investigation were to define exercise
erformance during the first 2 decades of life in a large
ohort of Fontan survivors participating in a multicenter
ross-sectional study and to determine the association be-
ween defined clinical factors and exercise performance.
ethods
he Fontan cross-sectional study design. The primary
im of the main study was to assess the correlation between
unctional health status and measures of ventricular perfor-
ance in children ages 6 to 18 years who have undergone a
ontan procedure. Consent and assent were obtained for all
ubjects according to local guidelines. Subjects were 115
m tall and able to perform cycle ergometry.
atients. Medical records of 1,078 children who had un-
ergone a Fontan procedure were screened, and 831 (77%)
ere identified as potentially eligible for the study. Of 831,
44 (77%) were fully eligible to participate in the complete
ontan protocol, on the basis of their ability to be contacted
nd perform the necessary testing at participating centers.
etails regarding the Pediatric Heart Network and the
ethods of the Fontan cross-sectional study have been
eported previously (12). A total of 546 (85% of 644)
hildren were enrolled; of these, 411 (75% of 546) under-
ent exercise testing. Reasons for not testing were height
39%), refusal (29%), and inability to cooperate or con-
ounding medical condition (22%).
xercise protocol. After consent, prospective maximal ex-
Abbreviations
and Acronyms
BMI  body mass index
HR  heart rate
dP/dtic  rate of pressure
change during isovolumic
contraction
MVV  maximal voluntary
ventilation
% predicted  percent of
predicted for age and
gender
RER  respiratory
exchange ratio
VAT  ventilatory
anaerobic threshold
VCO2  minute carbon
dioxide production
VE  minute ventilation
VO2  oxygen consumptionrcise testing was performed with a ramp protocol on an tlectronically braked cycle ergometer. Equipment was cali-
rated to manufacturers’ specifications, and testing was
erformed with standard protocols previously used in chil-
ren, adolescents, and subjects with Fontan physiology
7,12–14).
esting pulmonary measurements. After familiarization
ith the equipment, subjects underwent inspiratory and
xpiratory flow volume loops. Subjects performed hyperven-
ilation for 10 s to measure maximal voluntary ventilation
MVV) (l/min). Testing was repeated at least 3 times for
eproducibility.
rgometer protocol. Subjects pedaled in an unloaded state
or 3 min. Workload was then increased continuously with
slope chosen to achieve each subject’s predicted maximal
ork rate (W) after 10 to 12 min of cycling.
etabolic measurements. Expired gases were measured
or 3 min of quiet rest and throughout the exercise protocol.
xygen consumption, carbon dioxide production (VCO2),
nd minute ventilation (VE) were measured on a breath-
y-breath basis. Peak VO2 was defined as the highest VO2
chieved by the subject during the test. Ventilatory anaer-
bic threshold (VAT) was measured by V-slope method
hen it could be accurately determined. Values for VO2
ere indexed to body weight and expressed as percentage of
redicted values for healthy age- and gender-matched sub-
ects as reported by Cooper and Weiler-Ravell (14), with a
imilar protocol. The ventilatory equivalents of carbon
ioxide (VE/VCO2) were measured at VAT. The respira-
ory exchange ratio (RER) (VCO2/VO2) was measured
ontinuously. The O2 pulse (VO2/heart rate [HR]) was
easured at peak VO2 and indexed to body surface area.
he O2 pulse is equal to the product of stroke volume and
he arterial-venous O2 content difference. Because the
rterial-venous O2 content difference at peak exercise varies
ittle among subjects, the O2 pulse might be used as a
urrogate for stroke volume at peak exercise (13).
reathing reserve. Breathing reserve was calculated by the
ollowing formula:
breathing reserve  (1  [VE/MVV])
 100, expressed as a percentage
lectrocardiographic measurements. Resting 12-lead
lectrocardiograms were performed in the supine, sitting,
nd standing position and during brief hyperventilation.
eart rate was monitored continuously. Chronotropic in-
ex, a measure of chronotropic response that is independent
f resting HR and stroke volume (15), was defined as:
chronotropic index
 (maximal achieved HR  resting HR)/
(predicted maximal HR  resting HR)
2 saturation. Arterial O2 saturation was measured con-
inuously with an ear or finger pulse oximeter.
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July 8, 2008:99–107 Exercise Performance After the Fontan Operationchocardiographic method. Echocardiography was per-
ormed with standard techniques to obtain ventricular mass
nd volumes, peak early and peak late atrioventricular valve
nflow velocities (16), and the mean rate of pressure change
uring isovolumic contraction (mean dP/dtic) (a geometry-
ndependent index of ventricular function that approximates
nd closely correlates with peak dP/dt) (17) as:
mean dP/dtic  (diastolic blood pressure  5)/
(isovolumic contraction time)
Isovolumic contraction time was determined from the
trioventricular valve inflow and aortic valve outflow Dopp-
er tracings. Tei index was calculated from systemic ventric-
lar inflow and outflow Doppler tracings (18,19). Compos-
te indexes of diastolic function were derived as (early inflow
elocity/peak late inflow velocity) and (early inflow velocity/
eak early diastolic tissue velocity). Diastolic function was
lassified according to 2 systems: restrictive pattern present
r absent, and diastolic dysfunction grade (20). Studies were
valuated at a core laboratory as described in the design
rticle (12).
tatistical analysis. Subject characteristics and exercise
erformance measures are presented for the 411 subjects
ho underwent exercise testing and were stratified ac-
ording to whether or not subjects achieved their maxi-
al aerobic capacity (defined as achieving a peak RER
1.1). These groups are subsequently referred to as the
maximal capacity and submaximal capacity” groups.
ata are described as mean  SD for quantitative
ariables and n (%) for qualitative variables. Comparisons
etween subgroups for continuous data were made with
he Student t test if normally distributed and the Wil-
oxon rank sum test otherwise. Tests between subgroups
or discrete data were made with the Pearson chi-square
est and the Fisher exact test. All tests of significance
ere 2-sided.
The coefficient of determination (R2) was used to
ssess the relative contributions of O2 pulse, chronotropy,
nd resting arterial O2 saturation to exercise perfor-
ance. Subjects with submaximal capacity and subjects
ith pacemakers were excluded, to eliminate confound-
ng effects of rate responsive pacemakers on the chrono-
ropic index and O2 pulse. The percent of predicted for
ge and gender (% predicted) O2 pulse was used as a
urrogate for stroke volume, chronotropic index was used
s a measure of chronotropic ability, and resting arterial
2 saturation was used as a measure of arterial O2
ontent. Exercise performance measures included % pre-
icted peak VO2, % predicted maximal work rate, and %
redicted VO2 at VAT.
Multiple linear regression was used to investigate the
ndependent association of the variables listed in Table 1
ith each dependent variable (% predicted peak VO2
nd % predicted maximum O2 pulse). An interaction
erm was included in each model to test for differential 2ffects of age by gender on the outcomes and was
ubsequently dropped when found to be not statistically
ignificant. The final models were informed by stepwise
election (21). Logistic regression was used to assess the
ssociation of maximal effort and Fontan type after
djustment for age and race. All data analysis was performed
ith SAS/STAT software (SAS Institute, Cary, North
arolina).
esults
tudy population. Characteristics for the entire study
ample that underwent exercise testing are summarized in
able 2. Subjects achieving maximal capacity were on
verage older and larger but had a body mass index (BMI)
score similar to those with submaximal capacity. There
ere statistically significant differences between the groups
or race and type of Fontan operation but not gender,
natomical diagnosis, pacemaker use, or use of angiotensin-
onverting enzyme inhibitors. Fatigue was reported as the
eason for submaximal capacity in 58%, insufficient effort in
ndependent Variables Examinedthe Multiple Regr sion Models
Table 1 Independent Variables Examinedin the Multiple Regression Models
Categorical variables
Gender (1  male, 2  female)
Race (1  Caucasian, 2  African-American, 3  Asian, 4  other)
Ventricular morphology (1  left, 2  right, 3  mixed)
Puberty (1  male subjects 14 yrs or female subjects 12 yrs;
2  otherwise)
History of volume unloading surgery (1  yes, 2  no)
Fontan type (1  APC, 2  TCPC ILT, 3  TCPC ELT, 4  TCPC ECC,
5  other)
Current use of angiotensin-converting enzyme inhibitors (1  yes, 2  no)
Current pacemaker (1  yes, 2  no)
Hypoplastic left heart syndrome (1  yes, 2  no)
Restrictive diastolic filling pattern (1  yes, 2  no)
D-loop configuration (1  yes, 2  no)
Functionally single ventricle heart with 2 ventricles (1  yes, 2  no)
Diastolic dysfunction (1  normal, 2  impaired relaxation,
3  pseudonormalization, 4  restrictive)
Atrioventricular valve regurgitation (1  yes, 2  no)*
Continuous variables
Ratio of forced expiratory volume within 1 s to forced vital capacity
Tei index
Mean rate of pressure change during isovolumetric contraction (Mean dP/dtic)
BMI for age Z score
Z score adjusted echocardiographic measures
Ventricular mass
Stroke volume
Ejection fraction
End-systolic volume
End-diastolic volume
Ratio of ventricular mass to end-diastolic volume
Tissue Doppler velocities
Yes  moderate or severe, no  none or mild.
APC  atriopulmonary connection; BMI  body mass index; dP/dtic  rate of pressure change
uring isovolumic contraction; ECC extracardiac conduit; ELT extracardiac lateral tunnel; ILT
ntracardiac lateral tunnel; TCPC  total caval pulmonary connection.5%, and inability to cooperate or other reasons in 18%.
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Exercise Performance After the Fontan Operation July 8, 2008:99–107xercise performance. Exercise performance measures
or the entire population and the 2 subpopulations are
ummarized in Table 3. Of the variables listed in Table 1,
nly older age at exercise testing and an intracardiac
ateral tunnel independently predicted achieving maximal
apacity. A multivariate model demonstrated that the
ssociation between Fontan type and maximal capacity
tatus was weak (p  0.054) after adjustment for age
nd race.
inute VO2. Peak VO2 was depressed compared with
ealthy subjects. Average peak VO2 for the total popu-
ation was 65% predicted for age and gender. Only 113
28%) subjects achieved a peak VO2 within the normal.
lthough VO2 at VAT was impaired when compared
ith normal predicted values (78% predicted), it was
etter preserved than peak VO2 with the majority (63%)
f subjects in the normal range. This pattern was also
een in 162 of 166 patients in the maximal capacity
ubgroup in whom a VAT could be identified, indicating
hat the disproportionately low peak VO2 was not a
onsequence of inadequate effort.
hysical working capacity. Maximal work rate was de-
reased similarly to peak VO2 (61% predicted). Work rate
ubject Characteristics for PHN Fontan Patients
Table 2 Subject Characteristics for PHN Fontan Patients
Characteristic
Total
(n  411)
Age (yrs)
At earliest Fontan 3.4 2.0
At exercise testing 12.4 3.2
Height (cm) 146.9 16.0
Weight (kg) 42.5 16.1
Body surface area (m2) 1.3 0.3
BMI for age Z score 0.01 1.14
Male, n (%) 242 (58.9)
Race, n (%)
Caucasian 325 (79.1)
African-American 44 (10.7)
Asian 11 (2.7)
Other 31 (7.5)
Ventricular morphology, n (%)
Left 216 (53.5)
Right 126 (31.2)
Mixed 62 (15.4)
Volume unloading surgery, n (%) 295 (71.8)
Type of Fontan, n (%)
APC 64 (15.6)
Total caval pulmonary connection
Intracardiac lateral tunnel 238 (57.9)
Extracardiac lateral tunnel 49 (11.9)
Extracardiac conduit 52 (12.7)
Other 8 (2.0)
Pacemaker present, n (%) 52 (12.7)
On ACE inhibitor, n (%) 212 (52.0)
alues are mean SD or n (%). Maximal capacity not determinable for 10 subjects with unknown res
ACE  angiotensin-converting enzyme; APC  atriopulmonary connection; BMI  body mass inas greater in the maximal capacity subgroup compared sith the submaximal capacity subgroup (66% predicted and
7% predicted, respectively; p  0.0001).
ulmonary performance. Resting and exercise pulmonary
unctions are summarized in Table 3. The VE/VCO2 at
AT was elevated (43  10) among the 320 (78%) subjects
n whom it could be measured, and the forced vital capacity,
orced expiratory volume at 1 s, and forced expiratory
olume at 1 s/forced vital capacity was decreased, with no
ifferences between the maximal capacity and submaximal
apacity subgroups. Despite these abnormalities, breathing
eserve for the total study group was in the normal range (26
1%). However, the SD was large, and breathing reserve
as below 15%—considered the lower limit of normal—in
4% of all subjects (data not shown). The mean values for
oth subgroups were also in the normal range, although the
alue of the maximal group was significantly less than the
ubmaximal group.
ardiovascular response. Chronotropic impairment was
rominent with a mean peak HR of 74  11% predicted
or the entire study population. This value was similar in
ubjects attaining maximal capacity. The O2 pulse index
as also decreased and differed between subgroups (5.7 
.4 ml O2/beat/body surface area in the maximal capacity
Maximal Capacity
(n  166)
Submaximal Capacity
(n  235) p Value*
3.4 2.1 3.4 1.9 0.80
13.9 2.9 11.4 3.0 0.0001
154.5 13.6 142.1 15.5 0.0001
48.4 15.6 38.6 15.3 0.0001
1.4 0.3 1.2 0.3 0.0001
0.05 1.14 0.01 1.13 0.61
94 (56.6) 144 (61.3) 0.35
0.0005†
147 (88.6) 171 (72.8)
10 (6.0) 33 (14.0)
4 (2.4) 6 (2.6)
5 (3.0) 25 (10.6)
0.48
93 (57.1) 119 (51.3)
48 (29.5) 74 (31.9)
22 (13.5) 39 (16.8)
109 (65.7) 181 (77.0) 0.01
0.0001†
35 (21.1) 26 (11.1)
108 (65.1) 126 (53.6)
7 (4.2) 39 (16.6)
15 (9.0) 37 (15.7)
1 (0.6) 7 (3.0)
26 (15.7) 26 (11.1) 0.18
90 (55.2) 116 (49.4) 0.25
exchange ratio. *Student t test or Pearson chi-square test of independence; †Fisher exact test.
N  Pediatric Heart Network.ubgroup, 5.4  1.5 ml O2/beat/body surface area in the
Exercise Performance for PHN Fontan Patients, Maximal and Submaximal Effort Subgroups
Table 3 Exercise Performance for PHN Fontan Patients, Maximal and Submaximal Effort Subgroups
Characteristic
Total Maximal Capacity Submaximal Capacity
p Value*n Mean  SD (Min, Max) n Mean  SD (Min, Max) n Mean  SD (Min, Max)
Peak VO2 (ml/kg/min) 402 26.3 6.9 (8.1, 46.5) 166 27.2 6.3 (9.5, 44.2) 234 25.8 7.2 (8.1, 46.5) 0.04
% predicted peak VO2 402 65 16 (19, 112) 166 67 15 (28, 105) 234 63 17 (19, 112) 0.02
VO2 at VAT (ml/kg/min) 317 18.8 6.4 (6.8, 44.4) 162 18.2 5.7 (6.8, 34.0) 155 19.4 7.1 (7.2, 44.4) 0.14†
% predicted VO2 at VAT 317 78 24 (28, 171) 162 77 22 (32, 133) 155 79 27 (28, 171) 0.69†
Peak work rate (W) 404 79 37 (10, 236) 166 98 37 (33, 236) 233 66 29 (10, 227) 0.0001
% predicted peak work rate 404 61 17 (11, 112) 166 66 16 (30, 112) 233 57 17 (12, 107) 0.0001
% predicted FVC 404 76 15 (37, 122) 165 77 15 (39, 117) 232 75 15 (39, 119) 0.20
% predicted FEV1 400 76 15 (33, 119) 164 77 15 (39, 116) 229 76 15 (33, 119) 0.33
FEV1/FVC at rest (%) 399 88.1 8.1 (49.1, 100.0) 164 87.2 8.5 (49.1, 100.0) 228 89.0 7.6 (51.3, 100.0) 0.07†
VE/VCO2 at VAT 320 43 10 (26, 93) 163 42 8 (26, 81) 157 45 11 (30, 93) 0.07†
Breathing reserve (%) 382 26 21 (47, 76) 156 22 20 (46, 66) 224 28 21 (47, 76) 0.008†
Maximum respiratory rate (breaths/min) 402 52 12 (24, 95) 166 52 12 (26, 86) 234 52 13 (24, 95) 0.75
Peak heart rate (beats/min) 404 154 23 (57, 206) 166 161 20 (90, 203) 233 150 24 (57, 206) 0.0001
% predicted peak heart rate 404 74 11 (27, 98) 166 78 10 (44, 97) 233 72 11 (27, 98) 0.0001
Chronotropic index 404 0.7 0.2 (0.0, 1.1) 166 0.7 0.2 (0.1, 1.1) 233 0.6 0.2 (0.0, 1.1) 0.0001
Peak O2 pulse index (ml O2/beat/body surface area) 401 5.5 1.5 (1.8, 12.5) 166 5.7 1.4 (3.0, 10.2) 233 5.4 1.5 (1.8, 12.5) 0.03
% predicted peak O2 pulse 401 89 23 (31, 155) 166 88 22 (31, 150) 233 90 23 (31, 155) 0.36
Peak respiratory exchange ratio 400 1.06 0.11 (0.77, 1.37) 166 1.17 0.05 (1.10, 1.37) 234 0.99 0.08 (0.77, 1.09) 0.0001
Resting O2 saturation (%) 404 94 4 (76, 100) 165 94 4 (81, 100) 230 94 4 (76, 100) 0.89†
Peak O2 saturation (%) 370 91 6 (58, 100) 159 91 5 (65, 100) 206 91 6 (58, 100) 0.81†
Pediatric Heart Network (PHN) Fontan patients (n  411), maximal (n  166) and submaximal (n  235) effort subgroups. Values are mean SD. Maximal effort not determinable for 10 subjects with unknown respiratory exchange ratio. *Student t test; †Wilcoxon rank
sum test.
FEV1  forced expiratory volume at 1 s; FVC  forced vital capacity; % predicted  percent of predicted for age and gender; VAT  ventilatory anaerobic threshold; VCO2  minute carbon dioxide production; VE  minute ventilation; VO2  oxygen consumption.
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Exercise Performance After the Fontan Operation July 8, 2008:99–107ubmaximal capacity subgroup; p  0.03). Mild arterial
2 desaturation (94  4%) was present at rest, and
urther desaturation (91  6%) occurred with exercise
nd was similar in both subgroups.
The relative contribution of O2 pulse, chronotropy,
nd arterial O2 saturation to exercise performance mea-
ures in the maximal capacity group is presented in Table
. Although chronotropic impairment and mild arterial
2 desaturation are prominent in this population, they
re responsible for an insignificant amount of the variance
5%) in measures of exercise performance. Maximum %
redicted O2 pulse, as a surrogate of stroke volume,
ccounts for 73% of the variation in % predicted peak
O2, 26% of the variation in % predicted maximum
ork rate, and 35% of the variation in % predicted VO2
t VAT.
eterminants of exercise performance. Results of the
ultiple linear regression used to investigate the indepen-
ent association of the variables listed in Table 1 with %
redicted peak VO2 and % predicted maximum O2 pulse for
he maximal capacity group without pacemakers are dis-
layed in Table 5. These 2 dependent variables were chosen
s the primary measures of aerobic capacity and stroke
olume, respectively. Male gender, post-pubertal age, and
ncreased BMI Z score were negatively associated with both
ariables. A weak negative correlation was found between
-looping and % predicted peak VO2. A weak positive
orrelation also existed between mean dP/dtic and peak O2
ulse. No significant association was found for the other
natomical, surgical, and resting measures of cardiac
unction.
oefficients of Determination for PHN Fontanatients Without Pacem kers That Achieved aaximal Aer bic C pacity (  140)
Table 4
Coefficients of Determination for PHN Fontan
Patients Without Pacemakers That Achieved a
Maximal Aerobic Capacity (n  140)
Independent Variable
% Predicted
Peak VO2
% Predicted
VO2 at VAT
% Predicted
Maximum
Work Rate
Chronotropic index 0.01 0.004 0.01
% predicted maximum O2 pulse 0.73 0.35 0.26
Resting O2 saturation (%) 0.03 0.02 0.01
bbreviations as in Table 3.
egression Results for PHN Fontan Patients Without Pacemakers
Table 5 Regression Results for PHN Fontan Patients Without P
Independent
Variable
% Predicted Maximum O2 Pulse (n  111;
Estimate (95% CI)
Intercept 96.56 (87.41 to 105.71)
Male 9.01 (16.77 to1.25)
Puberty 16.41 (24.00 to8.81)
BMI for age Z score 4.74 (8.27 to1.21)
D-loop
Mean dP/dtic* 3.17 (0.03 to 6.30)uberty was defined as 14 years of age for male subjects and 12 years of age for female subjects. *
BMI  body mass index; CI  confidence interval; dP/dtic  rate of pressure change during isovolumiciscussion
xercise performance. This study provides a unique op-
ortunity to characterize the exercise function of a large
roup of pediatric subjects who have undergone a Fontan
rocedure. It demonstrates that the exercise function of
hese patients varies greatly. In some, exercise capacity is
ell preserved, with normal and even above-average peak
O2 and work rate (Table 3). However, in most cases peak
xercise capacity is significantly depressed. For the entire
opulation, only 28% had a peak VO2 within the normal
ange. These results are similar to previous reports (3–6).
A unique finding in this study is that VAT was better
reserved than peak VO2. In fact, it was in the normal range
or the majority of subjects. This finding, to our knowledge
ot previously reported, suggests that Fontan subjects can
olerate a higher level of submaximal activity than might be
nticipated from measurement of peak VO2. It may also
ndicate that absence of a subpulmonary ventricle may limit
he Fontan patients’ ability to accommodate hemodynamic
urdens associated with levels of exercise above anaerobic
hreshold.
It is clear from this study that subjects with Fontan physi-
logy often have exercise performance that is limited by factors
nrelated to their cardiovascular system. Fifty-seven percent of
ubjects failed to achieve an RER1.1 and presumably did not
xhaust their cardiovascular capacity. Other potential causes of
xercise limitation include pulmonary, musculoskeletal decon-
itioning, and motivational factors.
Although pulmonary functions were abnormal through-
ut the study population, they were similar in both the
aximal and submaximal populations. The significantly
igher breathing reserve in the submaximal subgroup indi-
ates that pulmonary abnormalities, although common, did
ot limit exercise performance to a greater degree in the
ubmaximal group compared with the maximal capacity
roup. It is worth noting that the standard deviation of the
reathing reserve is high across the subgroups. In fact,
espite an overall normal mean, one-third of the subjects
ad a breathing reserve below the normal limit of 15%. This
uggests a degree of pulmonary limitation in some subjects.
owever, as seen in Table 3, breathing reserve is negative in
ome subjects. This is the result of a greater peak VE than
Achieved a Maximal Aerobic Capacity
akers That Achieved a Maximal Aerobic Capacity
.24) % Predicted Peak VO2 (n  137; r
2  0.25)
alue Estimate (95% CI) p Value
0001 81.67 (75.66 to 87.68) 0.0001
02 7.22 (11.71 to2.73) 0.002
0001 9.80 (14.26 to5.35) 0.0001
009 3.94 (5.93 to1.95) 0.0001
S 5.90 (11.11 to0.70) 0.03
05 NSThat
acem
r2  0
p V
0.
0.
0.
0.
N
0.No other echocardiographic variable was predictive of exercise performance.
contraction; other abbreviations as in Table 3.
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hen performing the highly effort-dependent MVV. The
ower breathing reserve in the maximal subgroup is likely
ue to the higher VE that would be achieved at peak
xercise. Although breathing reserve was low in some
ubjects, their high RERs reflect lactic acidosis. Thus, their
xercise limitation was a consequence of exhaustion of their
ardiovascular reserve rather than primarily a pulmonary
imitation.
The VE/VCO2 at VAT and peak respiratory rate were
qually high in all study groups (Table 3). Recent studies in
dults with congenital heart disease suggest that decreased
entilatory efficiency is associated with poor survival in
cyanotic but not cyanotic subjects (8). The implication of
hese findings for the current study group is unclear.
lthough only mildly desaturated at rest, our population has
ignificant desaturation at peak exercise. This would suggest
hat the ventilatory inefficiency was a consequence of intra-
ardiac and extracardiac shunting rather than a marker of
entricular dysfunction. As such, in this younger and
ealthier population, it probably will not have a significant
rognostic usefulness.
Fatigue was the major reported reason for exercise termi-
ation in the submaximal group. In a young population, this
ight indicate muscular deconditioning but is also the usual
eason given by the subject for exercise termination when
xpending a submaximal effort. Thus, motivation might be
major reason for exercise limitation in the submaximal
roup. The group is significantly younger than the maximal
apacity group. Younger subjects may often have more
ifficulty performing formal exercise testing and continuing
o exhaustion. This finding suggests that the aerobic capac-
ty in the younger Fontan population may often be under-
stimated due to submaximal effort.
ardiovascular response to exercise. In assessing the car-
iovascular factors limiting exercise performance, we fo-
used only on subjects who expended a maximal aerobic
ffort (RER 1.1; the maximal capacity subgroup) (i.e.,
hose whose exercise capacities were limited by their car-
iovascular system). Overall, this population had an aerobic
apacity as measured by peak VO2, VO2 at VAT, and
aximal working capacity similar to that reported in previ-
us studies (5,7,8,11,22–24). These previous studies have
hown that chronotropic impairment, arterial O2 desatura-
ion, and decreased stroke volume response to exercise are
ommon in Fontan physiology. To our knowledge, this
eport is the first to attempt to assess the relative contribu-
ions of each of these factors to the variance in aerobic
xercise performance observed among patients with Fontan
hysiology. Although common, chronotropic incompetence
nd arterial desaturation were minimally responsible for the
ariance in aerobic performance (both at peak VO2 and at
AT) and physical working capacity in the subgroup of
ubjects who achieved maximum effort (Table 4). In con-
rast, O2 pulse at peak exercise was, by far, the most emportant factor accounting for the variance in aerobic
erformance.
The explanation for the difference in the results of the
urrent study from previous studies regarding the effects
f chronotropy on exercise performance may be related to
he fact that we restricted our analyses to patients who
chieved a true maximal aerobic capacity. In contrast,
ost previous studies have included at least some subjects
ith submaximal efforts (on the basis of the reported
ERs and the SD of these values). Subjects with sub-
aximal effort achieve HRs and VO2 at peak exercise
elow their true maximal VO2 and maximal HR. Con-
equently, any study that includes submaximal tests will
nevitably find a significant positive relationship between
R response and “maximal” VO2. By restricting analyses
o subjects who achieved a true maximal aerobic capacity,
his potential pitfall was avoided. When these measures
ere undertaken, we found that differences in chrono-
ropic response accounted for very little of the variance in
aximal VO2.
Percent of predicted O2 pulse index was used as a
urrogate for stroke volume. The O2 pulse is equal to
troke volume times the arterial-venous O2 content
ifference. The high coefficient of determination between
2 pulse and % predicted peak VO2 seen in Table 4 is not
urprising, because the 2 variables are mathematically
elated. However, the coefficients of determination for
2 pulse at peak exercise to both % predicted VO2 at
AT and % predicted maximal work rate are also high.
either of these variables is mathematically related to the
2 pulse at peak exercise. These data suggest that, of the
factors responsible for O2 delivery during exercise (HR,
rterial O2 content, and stroke volume), stroke volume
eserve is almost exclusively responsible for the variation
n aerobic performance (as measured by peak VO2, VO2
t VAT, and peak physical working capacity) in Fontan
atients.
eterminants of exercise performance. To better under-
tand variation in cardiovascular performance during
xercise, we assessed the relationship of a large number of
natomical, surgical, and demographic variables on the
rimary variable of cardiac performance (% predicted O2
ulse index) and the primary measure of aerobic capacity
% predicted peak VO2) for the maximal capacity group
Table 5). The negative relationship between these 2
ependent variables with puberty, male gender, and BMI
score is interesting. As the male Fontan subject goes
hrough puberty, the ability of his cardiovascular system
o meet the metabolic demands of exercise becomes more
ompromised (relative to healthy male subjects). This
bservation is not unexpected, because the increase in
uscle mass during puberty is much greater in males than
emales. With Fontan physiology, the cardiovascular
ystem is unable to meet the metabolic demands of this
ncreased muscle mass during exercise. Consequently, the
xercise capacity of the post-pubertal male Fontan pa-
t
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ealthy adolescent male.
Data from the adult population suggest that this trend
ight continue as these patients move into their third
ecade of life. In a recent study of adults with congenital
eart disease, Diller et al. (9) reported a peak VO2 of 19.8
l/kg/min in 34 subjects (mean age 26.7 years). However,
his group was much older at the time of Fontan and might
ot be comparable to the cohort in this study. These
ifferences emphasize the need for longitudinal studies of
his population.
Despite the negative relationship to BMI Z score, poor
xercise performance was not secondary to obesity in the
ubertal male subjects, because this population had no
vidence of being overweight on the basis of the normal
MI Z score distribution (Table 2). This suggests that
ncreased muscle mass, inadequately served by the car-
iovascular system, rather than obesity is responsible for
his negative relationship.
Mean dP/dtic was the only echocardiographic index
elated to % predicted O2 pulse in this patient popula-
ion, suggesting that mean dP/dtic might be a useful
eometry-independent index of cardiac performance in
ontan physiology. However, the correlation between %
redicted peak O2 pulse index and mean dP/dtic was
eak, and no measure of resting systolic or diastolic
unction was a significant determinant of % predicted
eak VO2. More importantly, these observations support
he hypothesis that the limited exercise capacity that is
ypical of the Fontan population is primarily mediated by
nadequate stroke volume secondary to an inability to
chieve higher levels of transpulmonary flow (i.e., re-
uced preload) rather than as a consequence of intrinsic
imitations of the systemic ventricle.
tudy limitations. This study is limited to subjects who
urvived beyond early childhood and could perform
xercise tests and does not reflect the entire spectrum of
atients with Fontan procedures. As a cross-sectional
ather than a longitudinal study, it is difficult to deter-
ine whether some of the observed differences between
lder and younger subjects are related to the passage of
ime or to changes in management strategies that have
volved since the subjects of this study began to undergo
ontan procedures. It is also possible that subjects who
nderwent exercise testing might not be representative of
ll Fontan survivors.
onclusions
lthough a number of factors might influence a Fontan
atient’s peak VO2, superior O2 pulse at peak exercise
probably due to higher stroke volume at peak exercise)
eems to be the most important factor that distinguishes
he high-functioning Fontan patient. Contributions of
hronotropic incompetence and arterial desaturation to
he Fontan patient’s exercise dysfunction seem to be
1elatively small. The ability of the Fontan circulation to
ccommodate the metabolic demands of the post-
ubertal male’s increased skeletal musculature is particu-
arly limited. Resting echocardiographic indexes of ven-
ricular function correlate poorly with exercise function.
ther factors, such as increased body mass associated
ith puberty and male gender, may be more important
eterminants of exercise function in Fontan physiology.
eprint requests and correspondence: Dr. Stephen M. Paridon,
ardiology Division, Children’s Hospital of Philadelphia, 34th
treet and Civic Center Boulevard, Philadelphia, Pennsylvania
9104. E-mail: Paridon@email.chop.edu.
EFERENCES
1. Fontan F, Baudet E. Surgical repair of tricuspid atresia. Thorax
1971;26:240–8.
2. Van den Bosch AE, Roos-Hesselink JW, van Domburg R, Bogers, AJ,
Simoons ML, Meijboom FJ. Long-term outcome and quality of life in
adult patients after the Fontan operation. Am J of Cardiol 2004;93:
1141–5.
3. Nir A, Driscoll DJ, Mottram CD, et al. Cardiorespiratory response to
exercise after the Fontan operation: a serial study. J Am Coll Cardiol
1993;22:216–20.
4. Harrison DA, Liu P, Walters JE, et al. Cardiopulmonary function in
adult patients late after Fontan repair. J Am Coll Cardiol 1995;26:
1016–21.
5. Durongpisitkul K, Driscoll DJ, Mahoney DW, et al. Cardiorespiratory
response to exercise after modified Fontan operation: determinants of
performance. J Am Coll Cardiol 1997;29:785–90.
6. Troutman WB, Barstow TJ, Galindo AJ, Cooper DM. Abnormal
dynamic cardiorespiratory responses to exercise in pediatric patients
after Fontan procedure. J Am Coll Cardiol 1998;31:668–73.
7. Mahle WT, Wernovsky G, Bridges ND, Linton AB, Paridon SM.
Impact of early ventricular unloading on exercise performance in
preadolescents with single ventricle Fontan physiology. J Am Coll
Cardiol 1999;34:1637–43.
8. Dimopoulos K, Okonko DO, Diller G, et al. Abnormal ventilatory
response to exercise in adults with congenital heart disease relates to
cyanosis and predicts survival. Circulation 2006;113;2796 – 802.
9. Diller G, Dimopoulos K, Okonko D, et al. Exercise intolerance in
adult congenital heart disease: comparative severity, correlates, and
prognostic implication. Circulation 2005;112:828–35.
0. Zajac A, Tomkiewicz L, Podolec P, Tracz W, Malec E. Cardiorespi-
ratory response to exercise in children after modified Fontan operation.
Scand Cardiovasc J 2002;36:80–5.
1. Gewillig MH, Lundstrom UR, Bull C, Wyse RK, Deanfield JE.
Exercise responses in patients with congenital heart disease after
Fontan repair: patterns and determinants of performance. J Am Coll
Cardiol 1990;15:1424–32.
2. Sleeper LA, Anderson P, Hsu DT, et al. Pediatric Heart Network
Investigators. Design of a large cross-sectional study to facilitate future
clinical trials in children with the Fontan palliation. Am Heart J
2006;152:427–33.
3. Wasserman K, Hansen JE, Sue DY, Casaburi R, Whipp BJ. Clinical
exercise testing. In: Principles of Exercise Testing and Interpretation.
3rd edition. Philadelphia, PA: Lippincott, 1999:115–64.
4. Cooper DM, Weiler-Ravell D. Gas exchange response to exercise in
children. Am Rev Respir Dis 1984;129:S47–8.
5. Gerhard-Paul D, Konstantinos D, Darlington O, et al. Heart rate
response during exercise predicts survival in adults with congenital
heart disease. Pediatr Cardiol 2006;48:1250–6.
6. Sluysmans T, Colan SD. Theoretical and empirical derivation of
cardiovascular allometric relationships in children. J Appl Physiol
2005;99:445–57.7. Rhodes J, Udelson JE, Marx GR, et al. A new noninvasive method for
the estimation of peak dP/dt. Circulation 1993;88:2693–9.
11
2
2
2
2
2
K
107JACC Vol. 52, No. 2, 2008 Paridon et al.
July 8, 2008:99–107 Exercise Performance After the Fontan Operation8. Tei C, Nishimura RA, Seward JB, Tajik AJ. Noninvasive Doppler-
derived myocardial performance index: correlation with simultaneous
measurements of cardiac catheterization measurements. J Am Soc
Echocardiogr 1997;10:169–78.
9. Nikitin NP, Loh PH, Silva R, et al. The prognostic value of systolic
mitral annular velocity measured with Doppler tissue imaging in
patients with chronic heart failure due to left ventricular systolic
dysfunction. Heart 2006;92:775–9.
0. Nishimura RA, Tajik AJ. Evaluation of diastolic filling of left ventricle
in health and disease: Doppler echocardiography is the clinician’s
Rosetta stone. J Am Coll Cardiol 1997;30:8–18.
1. Neter J, Wasserman W, Kutner M. Applied Linear Regression
Models. Homewood, IL: Richard D. Irwin Inc., 1983. o2. Driscoll DJ, Durongpisitkul K. Exercise testing after the Fontan
operation. Pediatr Cardiol 1999;20:57–9.
3. Joshi VM, Carey A, Simpson P, Paridon SM, Exercise performance
following repair of hypoplastic left heart syndrome: a comparison
with other types of Fontan patients. Pediatr Cardiol 1997;18:
357– 60.
4. Reybrouck T, Rogers R, Weymans M, et al. Serial cardiorespiratory
exercise testing in patients with congenital heart disease. Eur J Pediatr
1995;154:801–6.
ey Words: exercise y Fontan operation y oxygen consumption y
xygen pulse.
